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ABSTRACT

Microbacteriophage Hasitha is a virus that infects Microbacterium foliorum, a
bacterium associated with grasses that was first discovered in Germany. Hasitha was
isolated from an enriched compost sample and is of particular interest due to its unusual
growth pattern. Most bacteriophages require actively growing host cells to produce new
phage progeny. However, Hasitha can infect and kill stationary (non-replicating) bacterial
cells. We discovered this unusual characteristic through a fortuitous observation of infected
lawns that were allowed to incubate in the lab workspace for approximately one month.
During this time, a noticeable “halo” grew around the initial site of infection and consumed
most of the lawn. Here we report the genomic sequence of Hasitha and its ultrastructural
features. We also report the results of experiments to determine the mechanism for the
expanding halos of growth. Our results suggest that Hasitha phage particles diffuse outward
from the initial site of infection and continue to infect and lyse surrounding stationary host
cells. We also found through analysis of bacteriophages closely related to Hasitha that the
halos are genetic in nature, with genome annotation suggesting a few gene products of
unknown function to have possibly hydrolytic properties. Lastly, thin sectioning
determined that the bacterial hosts found in the developed halo are no longer in stationary
phase. These findings elucidate previously unknown factors in phage infection of
stationary phase bacteria and provide data to be expanded upon in future studies.
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INTRODUCTION

According to the Oxford English Dictionary, biology is the “branch of science that
deals with living organisms” (OED Online, 2022). While viruses are not actually
considered true life forms due to their inability to reproduce without the assistance of a
host cell (Brown, 2016), these “unliving” entities are by far the most plentiful biological
beings known to man. Viral abundance is greatly attributed to just one type of virus: the
bacteriophage. In fact, there are an estimated 1031 bacteriophages on Earth (Suttle, 2005).
For reference, the world population is just under 1010 (United Nations, 2019), there are
around 1024 stars in the known Universe (Howell, 2017), and there are approximately 10 27
atoms in the average adult human body (Helmenstine, 2019). Bacteriophages (“phages”)
are viruses that solely infect bacterial hosts. Phages exist anywhere that host cells can be
found—virtually everywhere on Earth—yet remain invisible to the naked eye. Despite their
ubiquity, bacteriophages are not an overwhelmingly popular area of study in modern
scientific communities. A large deficit exists in the number of annotated phage genomes
in GenBank, the National Institute for Health’s ever-growing public database for
nucleotide sequences. As of April 12, 2022, there are only 4,086 genome assemblies of
Actinobacteriophages (a group of bacteriophages that infect members of the Actinobacteria
phylum, data according to phagesdb.org) out of 67,581 total compiled genomes (U.S.
National Library of Medicine, 2022). Even with over 4,000 phage genomes annotated, we
are still left with 1030 uncharacterized phage genomes. This gap in information has been
deemed “viral dark matter” and poses a formidable barrier in the study of bacteriophage
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genomics (Fitzgerald et al., 2021). Bacteriophage DNA makes up an overwhelming
majority of DNA sequences in the world, so elucidating some of this viral dark matter by
discovering the function of these unknown genes could reveal useful new information and
ultimately contribute to the greater knowledge of genetics.
Bacteriophages were first discussed by Frederick Twort and Felix d’Herelle in 1915
upon observing two identical but separate phenomena of circular clearings on bacterial
lawns. Twort proposed that an unknown enzyme must have found its way onto the lawn,
degraded the bacterial cell walls, and lysed the cells at these spots. On the contrary,
d’Herelle took the host-specificity of these clearings into account and suggested that there
must have been an “antagonistic microbe” that produced the plaques. With this, d’Herelle
called these anti-microbes “bacteriophages,” combining two Latin root words to describe
a “bacteria-eater” (Keen, 2014; d’Herelle, 1917). Bacteriophages later contributed to many
great advances in molecular biology: the discovery that DNA is the hereditary material
rather than proteins (Hershey & Chase, 1952) and the function of mRNA along with the
triplet codon system (Brenner et al., 1961) are just a few. As phages are natural parasites
of bacteria, they quickly garnered attention as a potential antibacterial treatment. However,
this was quickly overshadowed by the discovery of antibiotics, “miracle drugs” that were
highly effective and could be easily mass-produced. Nonetheless, a resurgence of interest
in the use of bacteriophage treatment has appeared in the wake of antibiotic resistance. The
use of these natural parasites to kill bacterial pathogens is called “bacteriophage therapy.”
The practice is not FDA-approved for clinical use, but phage therapy has been given
Emergency Use Authorization (EUA) by the FDA in certain extenuating circumstances.
For example, a last-effort EUA was granted in 2017 for one comatose diabetic man infected
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with multidrug-resistant Acinetobacter baumannii. After treatment with “phage cocktails”
tailored to his own clinical isolates, the patient overcame the infection and eventually
regained consciousness (Schooley, 2017). These phage cocktails include multiple phage
strains targeted toward the same bacterium. This approach is based on the same logic as
that of prescribing a course of multiple antibiotics; a bacterium is much less likely to
develop resistance when exposed to antibiotic agents with multiple targets. These phage
cocktails target different receptors on the surface of the bacterium, ensuring that the
pathogen is still targeted even if it mutates one of the receptors (Iftikhar, 2019). Though
phage therapy sounds appealing, the hesitancy of the FDA on approving clinical usage of
phages is based on multiple issues that must be addressed. First, phages often cannot
survive in the hostile conditions of serum, blood, and bile. Second, experimental
reproducibility in animal models has been generally unsuccessful. Third, mass Gramnegative bacterial cell lysis poses the risk of endotoxin release (Kincaid et al., 2017).
Lastly, the risk of lysogenic conversion needs to be considered. Lysogenic conversion can
occur when a bacteriophage integrates its own genome into that of the bacterial host and
may encode a virulence factor such as a toxin gene. This toxin gene insertion in instances
such as Vibrio cholerae can potentially make a benign bacterium turn fatal (Iftikhar, 2019).
Phage therapy has other uses outside of the clinical environment, though. In the food
industry, this treatment is FDA-approved and gradually becoming more commonplace. For
example, Listex™ is a commercial anti-Listeria solution currently used in food processing
(Chibeu et al., 2013).
Phage replication is entirely dependent on successful infection of a host cell.
Bacteriophages begin the infection cycle by attaching to a unique receptor on the surface
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of the host bacterium. Upon binding, the phage injects its genomic material (typically
double-stranded DNA) into the cytoplasm of the host. The genetic material utilizes host
machinery (i.e., polymerases and ribosomes) to direct new phage synthesis. The phage
structural proteins assemble spontaneously within the bacterial cell while another phagespecific protein called “lysin” degrades the host cell wall from the inside, leading to cell
lysis and phage progeny dispersal. Bacteriophages can be categorized as either lytic or
temperate, depending on their course of action upon infection. Once a lytic phage enters a
host cell, the phage genome ends bind together. The circularized dsDNA immediately
redirects the host’s cellular machinery to produce new virions and the phage progeny are
eventually released. Conversely, most lysogenic phages physically integrate their genetic
material into the genome of the host. The integrated phage genome is then called a
“prophage” and the infected bacterium is then called a “lysogen.” Over time, the lysogen
will replicate itself—and the prophage along with it—as normal. Environmental stressors
like DNA damage, due to ultraviolet light exposure or antibiotic-induced damage, will
change the internal conditions of the host, prompting the prophage to become “induced.”
An induced prophage excises from the bacterial genome and enters the lytic cycle to
produce and release phage progeny as previously described. The relatively quick infection
cycle of lytic phages typically results in clear plaques on host lawns while the delayed lysis
from temperate phages produces turbid plaques; hence, the lifecycle of a bacteriophage can
be suggested by observing plaque morphology.
Optimal conditions for phage replication include host cells that are actively growing
and dividing. Replicating bacterial cells are said to be in “log phase.” Log phase persists
until nutrients are depleted and toxic waste products accumulate, after which the bacteria
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enter the “stationary phase.” Bacteriophages are rarely able to infect stationary, nonreplicating bacteria due to stasis of the internal conditions of the host cell. Some exceptions
to this rule exist in literature (Escherichia coli phages T4 and ms2) but have only been
observed in Gram-negative hosts. In stationary phase, the Gram-positive bacterial cell wall
thickens and 70S ribosomes dimerize. This temporarily prevents translation of mRNA.
Internal stasis in stationary bacteria acts as both energy conservation and as a defense
mechanism against stressors while the bacteria “wait” for more nutrients to become
available (Jaishankar & Srivastava, 2017). With thick cell walls and significantly reduced
rates of protein synthesis, most stationary cells are naturally resistant to bacteriophages. If
a bacteriophage does manage to attach to the stationary cell and inject its genomic material
through the dense peptidoglycan cell wall, the phage enters a “hibernation state” where it
exists within the cell but cannot replicate itself with the dormant host machinery (Bryan,
2016; Lourenço, 2018).
Viral particles fall beneath the resolution threshold of normal light microscopes,
which were first invented in the 1600’s (Davuluri, 2018). In order to see a specimen under
a light microscope, the specimen must cast a shadow when exposed to light from behind.
This shadow is what is seen by the observer when looking into the lens of a microscope.
To cast a shadow in a light microscope, the sample must be at least half the width of the
wavelength of light used. As visible light has a wavelength of 380 to 740nm, 40nm-wide
bacteriophages remain invisible and could not be visually characterized until the
development of the transmission electron microscope (“TEM”) in 1931 (Davuluri, 2018).
Electrons in a vacuum have a controllable wavelength—on the scale of picometers—
depending on the accelerating voltage; therefore, viral particles and even nanoparticles cast
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Figure 1: A comparison of simplified morphologies of common viruses. Source:
http://nursing411.org/Courses/MD0151_Principals_Epidem_Micro/2-13_Principals_Epidem_Micro.htmL

shadows that can be converted into images (called “micrographs”) using the TEM. With
TEM imaging, it was clear that bacteriophages had distinctly complex morphologies
compared to other viruses (see Figure 1). These viruses were discovered to typically have
icosahedral heads (or “capsids”) that take up most of their structural mass, ranging from
20-200nm in diameter. Most bacteriophages also include a tail attached to their capsid.
When observed under transmission electron microscopy, this distinctive structure assists
in the positive identification of bacteriophages. The morphological differences between
bacteriophages are used to categorize phage into “families.” Siphoviridae phages are
deemed the most common family (Cota et al., 2015), with spherical capsids and long,
flexible, noncontractile tails. Myoviridae phages have similar capsids to Siphoviridae but
more rigid, contractile tails, while
Podoviridae phages have capsids with
very short, hardly visible tails (see Figure
2).

Each

of

these

families

of

bacteriophages fall under the order
Caudovirales. Other morphologies of

Figure 2: A comparison of the three main structures of
Caudovirales bacteriophage (Cota et al., 2015).

phages have been defined outside of the order Caudovirales but are exceedingly rare in
nature.
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This project focuses on a novel bacteriophage named “Hasitha” that infects
Microbacterium foliorum, a relatively obscure bacterium originally isolated from a study
on German grass samples (Behrendt et al., 2001). The Microbacterium genus is one of
many found within the Actinobacteria phylum. An online database called the
Actinobacteriophage Database, or “PhagesDB,” acts as a public archive of known
bacteriophages that infect various hosts belonging to the Actinobacteria phylum. This
database serves as a wealth of knowledge and a great tool when studying
Actinobacteriophages. Hasitha was found to be of particular interest due to the growth
pattern of its plaques on lawns of M. foliorum. Contrary to the typical static clearings that
phages produce on bacterial lawns, Hasitha’s plaques continued to grow and spread
outward over time. Here, we describe studies to determine the mechanism underlying the
large halo-like clearings produced by Hasitha on M. foliorum lawns. As more insights into
bacteriophage biology are discovered, the prospective future of bacteriophage therapy and
its potential to address antibiotic resistance becomes clearer.
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MATERIALS & METHODS

Phage Isolation and Purification
To find a phage, a sample of garden compost was collected. The compost sample
was used to make an enrichment as described by the Center for Phage Technology (2011).
To determine if the enrichment was successful, a lawn of host was spotted with a positive
control phage. A clearing on the host lawn indicates successful phage infection and
confirms that the lysates contain phages that can infect the target host. Once the enrichment
was proven to be successful, phages were isolated from the enrichment. Isolation was
accomplished by making serial dilutions of the enrichment and infecting the host. The
plaques that appeared were picked using a pipette tip (Fisher, catalog no. 02-681-2). The
phages that adhered to the tip were transferred into 100µL of 1x phage buffer (Appendix
A) and this solution was serially diluted. Ten microliters of each dilution were again used
to infect the host. After incubation, isolated plaques were picked and inoculated into 1x
phage buffer as before. Plaque purification was repeated 3X before high titer lysates were
prepared as described (see Materials and Methods).
Making Lawns of Bacteria
Lawns of bacteria were used for a majority of the experiments detailed below.
These lawns were made by mixing a 0.5mL aliquot of the bacterial cells of interest with
4.5mL of molten PYCa top agar (Appendix A) and plating the material onto prewarmed
LB agar plates (Appendix A). The agar was allowed to solidify before inverting and
incubating at the desired temperature.
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Serial Dilutions
For serial dilutions of phage lysate, 10µL of lysate (dilution 100) was transferred
into a 1.5mL microcentrifuge tube (Eppendorf, catalog no. 20901-551) containing 90µL of
1x phage buffer to make a 10-1 diluted sample. This step was repeated sequentially until
the desired dilution was achieved.
Titering
If isolated phage plaques were needed, serial dilutions of phage lysate (typically
100 to 10-6) were made and 10µL of each dilution were used to infect a 0.5mL aliquot of
bacterial cells. This inoculated aliquot would then be plated and incubated. The highest
dilution plate with a countable number of plaques (20-200 PFU) would be used for the
following equation to determine lysate titer:
𝑇=

𝑃 1 1000µ𝐿
∗ ∗
𝐿 𝐷
1𝑚𝐿

Eq. 1

where T represents the lysate titer in PFU/mL, P is the number of plaques counted in units
of PFU, L is the amount of lysate inoculated into the lawn in µL, and D is the dilution
plated (unitless).
Spot Titering
For spot titering, a lawn of the host was prepared as described above. The plate was
then split into sections by labeling. Serial dilutions of the phage stock were prepared as
described and 10µL aliquots from each dilution were spotted directly onto the lawn, into
the appropriate labeled section. The plate was then incubated as described.
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Preparing Plates to Observe Halo Formation
To observe halo formation, a lawn of host was made and a 10µL drop of phage
lysate or a dilution thereof was deposited in the center of the plate. The spot was allowed
to absorb into the lawn before inverting the plate and incubating.
Host Range Experiments
To test whether phages isolated from an enrichment could infect alternative hosts,
serial dilutions of each lysate were prepared in a 96-well microtiter plate (Corning, catalog
no. 3370). Ten microliters of each dilution were then spotted onto a lawn of the new host
and incubated for 48 hours at 30ºC. As a control, the dilutions were also plated onto a lawn
of the enrichment host. If plaques appeared on the non-enriched host, they were isolated
and purified as described above.
Preparing 1-Plate High Titer Lysates
To prepare a high titer lysate (HTL) of purified phage, the existing ~100µL phage
suspensions were diluted to 10-4. Each dilution was used to inoculate host cells. After
incubation, a plate with a webbed appearance (a lawn crowded with plaques but not
completely lysed) was identified. Webbed plates were flooded with 6mL of SM buffer
(Appendix A), sealed with Parafilm (Pechiney, catalog no. PM999), and left to incubate
upright at 4ºC for 24 hours. The plate lysate was collected using a serological pipette
(Fisher, catalog no. 13-678-11D). The solution was filtered through a 0.22µm syringe filter
(Whatman, catalog no. WHA68962502) and collected into a sterile 15mL conical tube
(VWR, catalog no. 21008-670). The resulting lysates were stored at 4ºC.
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Preparing 10-Plate High Titer Lysates
To prepare a lysate with a titer high enough to proceed with archiving, serial
dilutions of phage were used to infect the host cells as outlined above. The dilution that
achieved a webbed plate appearance was replicated to allow ten individual webby plates to
be created. After incubation, the webby plates were flooded with 6mL of SM buffer and
incubated in the fridge for 24 hours. The lysate was collected from each plate using a
serological pipette (Fisher, catalog no. 13-678-11) and transferred into a 50mL Tube Top
Vacuum Filter System (0.45µm, Corning Inc., catalog no. 430314) and filtered. The filtrate
was titered as described above.
Phage Archiving
Phages were archived for long-term storage as follows: a 10-plate HTL with a
minimum titer of 108 PFU/mL was created. Archiving with DMSO (dimethyl sulfoxide)
was performed by transferring 658µL of each lysate into a 1.5mL microcentrifuge tube
along with 42µL of DMSO Stock. This solution was mixed gently by pipetting and
transferred to a barcoded tube containing glass beads, filling only to the top of the beads.
Two barcoded tubes were prepared for each phage lysate and were sent to the University
of Pittsburg for storage. Archiving with glycerol was achieved by transferring 300 µL of
phage HTL into a 600µL aliquot of 75% glycerol. This solution was mixed gently by
pipetting and then transferred into a cryovial to be stored at 80ºC at WKU.
Ultrastructural Analysis of Phage Particles
To prepare samples for electron microscopy, it is necessary to first concentrate the
particles by centrifugation. One milliliter of lysate was transferred to a 1.5mL
microcentrifuge tube and centrifuged at 7500rpm at 4ºC for 60 minutes using an Eppendorf
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Centrifuge 5702R. The supernatant was carefully removed with a pipette and discarded.
Fifty microliters of PB buffer (Appendix A) were added to the pellet, and the tube was
incubated at 4ºC overnight. After incubation, the phage pellet was mixed by flicking the
tube. A 20µL drop of the phage suspension was deposited onto parafilm alongside a 20µL
aliquot of 1x phage buffer, a 20µL aliquot of deionized water, and two 20µL aliquots of
1% uranyl acetate (Appendix A). The matte-finish side of a Formvar- and carbon-coated
copper electron microscopy grid (EMS, catalog no. EMS400-Cu) was first floated on top
of the phage suspension and incubated for 2 minutes. Next, the grid was washed by
transferring it to the first drop of phage buffer and incubated for 2 minutes. The wash step
was repeated by transferring the grid to the drop of deionized water. Lastly, the grid was
incubated on top of each uranyl acetate drop for 2 minutes to stain. Excess uranyl acetate
was wicked away by placing the grids onto filter paper. After the grids were sufficiently
dry, they were inserted into the TEM (Japanese Electron Optics Lab JEM 1400-Plus) and
examined using a voltage of 100kV.
Imaging Halo Development
To track development of halos (gradually expanding lawn clearings) over time, spot
plates of phage were made and scanned twice a week. To reduce the chance of
contamination, the lids were kept on during scanning. Scans were taken on an Epson
Perfection 3170 Photo Scanner with the scanner lid open to achieve a dark background.
Each Petri dish was scanned label-side down to retain labeling information and prevent
contamination.
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Genomic DNA Isolation
In order to isolate and purify the phage genome, the Promega Wizard DNA
purification kit (Promega, catalog no. A1120) was used. To begin, 10mL aliquots of high
titer lysate were transferred to two Oak Ridge centrifuge tubes (Nalgene, catalog no. 31390050PK). Forty microliters of Nuclease Mix (Appendix A) were added to each tube, mixed
by inversion 3-4 times, and incubated at 37ºC for 30 minutes. The tubes were then
incubated an additional hour at room temperature. The nuclease treatment is necessary to
remove host nucleic acid. After nuclease treatment, 4mL of Phage Precipitate Solution
(Appendix A) were added to each tube, mixed by inversion 3-4 times, and stored at 4ºC
overnight. Next, the tubes were centrifuged (Thermo Scientific Sorvall Lynx 4000
Centrifuge) at 10k rpm and 4ºC for 20 minutes to precipitate the phage particles. After
centrifugation, the supernatant was discarded while being careful not to disturb the pellet.
The tubes were left inverted over a paper towel to remove as much of the supernatant as
possible. After thoroughly draining the tubes, 500µL of sterile water was pipetted into each
tube to dislodge the phage pellet from the tube surface. Once dislodged, the suspended
pellet was incubated at room temperature for 10 minutes. To prepare the minicolumn
assemblies, the plungers from two 5mL syringes (BD, catalog no. 14-829-45) were
removed and the empty syringe barrel was attached to a minicolumn. This assembly was
held in an upright position in a microcentrifuge tube rack by inserting the end of the
minicolumn into a 1.5mL microcentrifuge tube. Two milliliters of prewarmed DNA CleanUp Resin were added to each Oak Ridge tube and mixed thoroughly, breaking up the
formed pellet. Approximately 1mL of the suspension was transferred to separate empty
syringe barrels attached to a minicolumn. For each assembly, the plunger was replaced into
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the syringe barrel and the DNA resin bound to the genomic DNA was collected by pushing
the suspension through the minicolumn. The flowthrough material was discarded. The
minicolumns containing the DNA resin with bound DNA were detached from the syringes
and placed into clean microcentrifuge tubes. The plunger was removed and the empty
barrel reattached to the minicolumn. Two milliliters of 80% isopropanol were transferred
into each of the empty syringe barrels. The plungers were replaced, and the suspension was
pushed through the spin column as before. The flowthroughs were discarded. The wash
step was repeated twice before proceeding to the next step. After washing, the spin columns
were detached from the syringes and placed into clean microcentrifuge tubes. These
assemblies were centrifuged at 12k rpm for 5 minutes to remove any residual alcohol. The
first elution of DNA was accomplished by placing the spin columns in fresh 1.5mL
microcentrifuge tubes and quickly pipetting 50µL of heated (80ºC) Elution Buffer into the
minicolumn without contacting the column sides or the resin surface. The minicolumn was
centrifuged at 12k rpm for 1 minute to collect the first elution. This tube was capped and
labeled “first elution.” The elution process was repeated and the second eluate collected as
above. These two elutions were combined into one microcentrifuge tube. Since two 10mL
aliquots of lysate were processed as described, two independent stocks of isolated genomic
DNA were ultimately collected. Using a NanoDrop ND-1000 Spectrophotometer, the DNA
concentration of each run was analyzed.
Gel Electrophoresis
To run gel electrophoresis experiments, an agarose gel was made by mixing 100mL
of 1x TAE (Appendix A) with 0.8g of agarose (Fisher, catalog no. BP164-500) in a 250mL
Erlenmeyer flask (Pyrex, catalog no. 4980-250). The suspension was heated in a
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microwave to dissolve the agarose. It is important to avoid superheating the solution. The
dissolved solution was then transferred to a 125mL media bottle (Wheaton, catalog no.
219755) and cooled in a 55ºC water bath. Once cooled, 30mL of this agarose solution was
pipetted onto an assembled electrophoresis gel rig (Fisher Electrophoresis System MiniHorizontal Unit FB-SB-710) and left to solidify. The gel rig was flooded with 1x TAE
buffer until a depth of ~1cm over the solidified gel was achieved.
The first well of the gel received 7µL of DNA ladder dilution. This dilution
contained 1µL of 1kb DNA ladder (NEB, catalog no. N3232S) diluted with 5µL of 1x TAE
buffer and 1µL of 6x Loading Dye (Fermentas, catalog no. R0611). The subsequent wells
were setup as described in the discussion. The lid of the apparatus was attached and
connected to a Fisher FB300 Power Supply, running at 100V until the dye front moved to
the bottom quarter of the gel. The gel was then removed and soaked in a 0.5µg/mL ethidium
bromide solution for 10 minutes before analyzing under UV light using a ProteinSimple
FluorChem FC3 gel imaging machine.
Restriction Digest Gel Electrophoresis
Gel electrophoresis was performed to visualize the integrity of the isolated phage
genome. To begin, 500ng of purified phage DNA was mixed with 5µL of elution buffer
and 2µL of 6x Loading Dye in a PCR tube (Fisher, catalog no. AB-0620) to generate the
uncut DNA sample. This tube was left on ice until ready for use. The first well of the gel
received 7µL of DNA ladder dilution as described previously and the second well received
10µL of the uncut DNA mix. The gel was run at 100V until the dye front moved to the
bottom quarter of the gel (approximately 90 minutes). The gel was then removed, soaked
in ethidium bromide, and imaged as described.
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Restriction digest and gel electrophoresis were used to analyze the cut pattern of
phage DNA and compare to other phages. The enzymes used for the restriction digest were
BamHI (NEB, catalog no. R0136S), ClaI (NEB, catalog no. R0197S), EcoRI (NEB, catalog
no. R0101S), HaeIII (NEB, catalog no. R0108S), HindIII (NEB, catalog no. R0104S),
AhdI (NEB, catalog no. R0584S), BstXI (NEB, catalog no. R0113S), and DraIII (NEB,
catalog no. R3510S). The first well was filled with 7µL of 1kb DNA ladder dilution, and
the subsequent wells were filled with 27µL of restriction digest solution as shown in Table
1. The results of the DNA restriction digest were loaded, run, and examined on 0.8%
agarose gel as described previously.

Well 2:
Control

Well 3:
BamHI

Well 4:
ClaI

Well 5:
EcoRI

Well 6:
HaeIII

Well 7:
HindIII

Well 8:
AhdI

Well 9:
BstXI

Well 10:
DraIII

H2O

19.5µL

18.5µL

18.5µL

18.5µL

18.5µL

18.5µL

18.5µL

18.5µL

18.5µL

Buffer

2.5µL

2.5µL

2.5µL

2.5µL

2.5µL

2.5µL

2.5µL

2.5µL

2.5µL

DNA

3µL

3µL

3µL

3µL

3µL

3µL

3µL

3µL

3µL

Enzyme

0µL

1µL

1µL

1µL

1µL

1µL

1µL

1µL

1µL

6x
Loading
Dye

2µL

2µL

2µL

2µL

2µL

2µL

2µL

2µL

2µL

Total

27µL

27µL

27µL

27µL

27µL

27µL

27µL

27µL

27µL

Table 1: Restriction digest setup for Hasitha. Each solution was prepared in 0.2mL PCR tubes.

Whole Genome Sequencing
To sequence the purified phage genome, Illumina Sequencing was performed at the
University of Pittsburg as specified in the GenBank profile (see Appendix B). The
sequenced genome was annotated using PECAAN (Phage Evidence Collection And
Annotation Network). Data was compiled from genomic analysis programs GeneMark,
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PhagesDB BLAST, HHPRED, NCBI BLAST, the Conserved Domain Database, TmHmm,
Topcons, and Aragorn to make conclusive inferences of the functions associated with the
phage gene products.
Analysis of Close Phage Relatives
Using the results from BLAST (“Basic Local Alignment Search Tool,” see
Appendix C), other phages with significant nucleotide similarity to a phage of interest were
requested from the University of Pittsburgh’s archives. To analyze similarities in infection
patterns, 3µL of each received lysate was spotted onto a host lawn and incubated. Pasteur
pipettes (Fisher, catalog no. 13-678-20A) were used to excise the clearing at the inoculation
point. This plug was then transferred into 200µL of phage buffer to extract the phage and
treated with 50µL of chloroform (Fisher, catalog no. BP1145-1) to kill any remaining
bacterial cells. The solution was mixed thoroughly and centrifuged briefly with the
GeneMate Minicentrifuge. The top 200µL of sample was recovered and re-centrifuged for
3 minutes at 13.4k rpm using the Eppendorf MiniSpin Centrifuge. This was repeated once
more. The purified suspension of phage particles was then titered to determine
concentration and plated on an LB agar plate to confirm that no living bacterial cells were
present. If the titer was not high enough to make webbed plates, another spot was made
and collected with a Pasteur pipette and the process was repeated. If the titer was high
enough, webbed plates were made, flooded, and collected as before to make 1-plate lysates
of each phage.
Analysis of Control Phages
Other phages that infect M. foliorum were needed for negative controls. For this,
phages were recovered from the Genome Discovery and Exploration Program archive at
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WKU. Ten microliters of each control were plated onto a lawn of host cells and observed
for halo formation. These controls were also diluted and plated in arrays for quick titering
as described above.
Long-Term Stationary Host Cell Viability Test
To test if host cells were still viable after the month-long incubation period used to
grow halos, a lawn of uninfected host was grown for 31 days at 30ºC and scanned at regular
intervals. A sterile inoculating loop was used to pick from the plate at the end of the
incubation period and the collected cells were streaked onto a fresh LB agar plate and
incubated.
Antibiotic Susceptibility Testing
The susceptibility of the host bacterium to different classes of antibiotics was
determined by using an Oxoid™ Antimicrobial Susceptibility Disc Dispenser (Thermo
Scientific, catalog no. ST8100) loaded with 5 disks: 10µL of gentamicin (CN10), 10µL of
streptomycin (S10), 30µL of tetracycline (TE30), 30µL of cefoxitin (FOX30), and 2µL of
clindamycin (DA2). A fresh culture of host cells was diluted to a McFarland Standard #0.5
(BD BBL, catalog no. 297298) and swabbed onto an LB plate with a cotton swab (Hospital,
catalog no. 25-806). The Disc Dispenser was then positioned over the open plate and
discharged. The disks were secured to the agar with sterile forceps, then the plate was
inverted and incubated at 30ºC for 48 hours. The host was also screened for carbenicillin
resistance. Another LB plate was swabbed with McFarland-standardized host cells and spot
inoculated with 10µL of 1x, 10x, 100x, and 1000x carbenicillin (Appendix A). After full
absorption into the agar, the plate was inverted and incubated at 30ºC for 48 hours.
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Halo Temperature Dependence Test
Two plates with M. foliorum lawns were prepared and spotted with phage lysate as
outlined above except one plate was incubated at 30ºC and the other was incubated at 37ºC.
Both were incubated for 35 days in aerated plastic bags and scanned regularly.
Growth Curve Analysis
A growth curve of the host bacterium was obtained using a Bioscreen C
spectrophotometric analyzer. To view how growth curves varied using different ratios of
cells to nutrients, 5-fold, 25-fold, 125-fold, and 625-fold dilutions in PYCa broth were
prepared. Sterile PYCa broth served as the control. Measurements were made every 15
minutes for 72 hours. The Bioscreen C device contains a 100-well “Honeycomb plate” with
each well labeled from 101 to 200. The setup of these wells is shown in Table 2.

Wells
101-104

Wells
105-107

Wells
108-110

Wells
111-113

Wells
114-116

Dilution of Cells

0

5-fold

25-fold

125-fold

625-fold

Total Volume

400µL

400µL

400µL

400µL

400µL

Table 2: Bioscreen C well setup. Wells 101-104 contain sterile PYCa broth and wells 105116 contain different amounts of M. foliorum cells diluted with PYCa broth.

Infection of Stationary Phase Cells
To determine if M. foliorum phage can infect stationary bacteria, four lawns of host
bacterium were prepared. The lawns were designated “24-hour,” “48-hour,” “72-hour,” or
“96-hour” depending on how long they were incubated at 30ºC prior to inoculation with
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10µL of phage HTL. This experiment was repeated 1X. In addition, the plates were
incubated for an additional 30 days to observe for halo formation.
Cell Lysis Activity Test
To test whether a diffusible enzyme in the phage HTL was the cause of the observed
halos, 2mL of HTL was first filtered through a 0.22µm filter and then dispensed directly
into the sample reservoir of a 30kDa Centricon filter (Millipore, catalog no. 4209), and
assembled as shown in the manufacturer instructions. The top of the sample reservoir was
covered with a provided retentate vial to prevent spillage and placed into an Eppendorf
Centrifuge 5702R. The balance tube was prepared in the same manner. These tubes were
centrifuged at 5000-times gravity for 30 minutes, then rearranged as specified in the
instructions to obtain the retentate solution. To recover the retentate, the vials were
centrifuged at 1000-times gravity for 2 minutes. After combining the retentates and filtrates
of two Centricon devices, we had two test solutions: one excluding bacterial cells and
similarly-sized materials but including anything larger than 30kDa (including phages), and
one excluding anything larger than 30kDa. The filtrate solution was spotted onto lawns of
bacterial host as described previously and incubated at 30ºC for 24 days to observe any
changes in appearance.
Phage Diffusion Test
To determine if viable phage particles exist within the halo, phage HTL was first
plated onto a lawn of host cells and incubated until the halo was nearly touching the edge
of the plate. Samples were taken at 3mm intervals (labeled A through F) from the
inoculation point to the edge of the plate, using Pasteur pipettes to obtain a plug of agar at
each sample point. The agar plug suspensions were treated with chloroform and centrifuged
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as described before. The supernatants of each were retained, diluted in a microtiter plate,
and spot-titered on a lawn of host cells. For a control comparison, the same protocol was
performed with an unrelated phage that infects the same host but does not produce halos.
Physical Analysis of Halos by Thin Sectioning and Electron Microscopy
To directly visualize the cells and phages within the halos, three lawns of host cells
were each spotted phage HTL (109 PFU/mL) and incubated for 41 days at 30ºC. At the end
of this period, the agar was cut into sections with a #11 scalpel (EMS, catalog no. 7204411) attached to a feather handle #3 (EMS, catalog no. 72040-03), excising 5 different
sections of each halo: 1) the center of the inoculation point, labeled as “A”; 2) the border
between the inoculation point and the beginning of the halo, labeled as “B”; 3) the middle
of the halo, labeled as “C”; 4) the edge of the halo, labeled as “D”; and 5) the edge of the
plate on an uninfected lawn, labeled as “E.” The sections were cut into asymmetrical
trapezoids to preserve the orientation in which the cell layer is on top and the agar is below.
The excised sections were then transferred into 2mL solutions of 2.5% glutaraldehyde
(prepared by diluting a 25% glutaraldehyde [EMS, catalog no. 16200] with phage buffer)
to fix overnight at 4ºC in vials with only other similar sections. The sections were then
washed three times with 1x phage buffer in their respective vials on ice, then fixed with
2mL of 1% OsO4 (prepared by diluting a 2% OsO4 [EMS, catalog no. 19152] in nanopure
water) for 1 hour at 4ºC. The sections were washed three times with ultrapure DI H 2O
before dehydration. Each sample was flooded with gradually increasing concentrations of
ethanol (EtOH, Pharmco, catalog no. 111000200) and incubated for a minimum of 10
minutes each. The EtOH concentrations were 25%, 50%, 65%, 80%, 90%, 95%, 100%,
and then 100% using fresh ethanol. The 25% and 50% EtOH vials were incubated on ice
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while the rest were incubated at room temperature. Once fully dehydrated, the vials
containing the sections were filled with 33% Spurr’s resin (EMS, catalog no. 14300) and
left to incubate at room temperature for 1 hour. The 33% Spurr’s resin was then exchanged
with 66% Spurr’s resin and allowed to do the same. This was then exchanged with 95%
Spurr’s and incubated for 2 hours. The 95% Spurr’s was then replaced with 100% Spurr’s
resin and incubated overnight. Lastly, another round of 100% Spurr’s resin was used and
this was left to infiltrate for 2 hours before being was replaced again with fresh 100%
Spurr’s resin. Samples were then stored until being embedded into molds. Flat embedding
molds with double tapered ends (EMS, catalog no. 70870) were filled with fresh 100%
Spurr’s resin and a small strip of labeled paper. The sections were taken from the storage
vials and placed into the molds, which were then slightly overfilled with resin and cured
for 20 hours in a 70ºC oven.
Fresh halos were grown and sections from the developed halos were excised, fixed,
dehydrated, and treated as described above, except the infiltrated sections were cured on
aluminum foil instead of embedded in more resin. These cured sections were then carefully
glued to the top of flattened resin blocks using Loctite General Purpose 5-Minute Epoxy
Glue and the bottoms were labeled with a fine-tip Sharpie. Trapezoidal “block faces”
(0.5mm x 1mm areas that the ultrathin sections are to be cut from) were fashioned using a
razor blade while observing the blocks under a Leica SZ-6 Dissecting Microscope. This
block face was then filed down to make a flat surface using a diamond cutter on a Leica
EM Trim2 model #702B01. Ultrathin sections of the blocks were cut using an RMC MTX Ultramicrotome loaded with glass knives made from ultramicrotomy-grade glass strips
(EMS, catalog no. 71012) using a LKB 7800 Knifemaker. A watertight “boat” was made
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behind the tip of the knife using silver tape. This boat collects water behind the knife edge
for the thin sections to float on. The thin sections initially had bronze- to gold-colored
reflections (around 90nm thick). Exposing these sections to chloroform vapor turned the
reflections silver. This silver color indicates that the sections are no longer bunched up and
will lay flat on the EM grid (Peachey, 1958). A 400-mesh copper EM grid was washed and
used to collect thin sections from the water-filled boat. Excess water was wicked away and
the grids were left to dry before staining. Approximately 100mL of nanopure water was set
to boil in an Erlenmeyer flask, while a 2x2 piece of parafilm was adhered to the benchtop.
One 25µL drop of 1% uranyl acetate was pipetted onto the Parafilm per each prepared
copper grid. The grids were then inserted at the bottom of the drop and were stained for 20
minutes. During this time, the boiled nanopure water was allowed to cool. Three 50mL
beakers were filled with 25mL of non-nanopure DI water. When the uranyl acetate staining
was complete, the grids were washed for 10 seconds in each beaker of water. The grids
were then left to dry on filter paper. The uranyl acetate drops were collected off of the
Parafilm and disposed of in a Satellite Accumulation Area (SAA). The wash water was
discarded in the sink and the beakers were rinsed with fresh DI water. While the grids were
drying, 25mL of the cooled nanopure water was transferred into each of the rinsed beakers.
One hundred microliters of 5M NaOH were mixed into the first beaker, making a 20mM
solution of NaOH. Ten pellets of KOH were carefully added to the Parafilm and covered
with a Petri dish lid. The Petri dish lid prevents the pellets from absorbing moisture from
the air. A 25µL drop of lead citrate (Appendix A) was added onto the Parafilm near the
pellets, one for each grid but no more than two at a time. The dried grids were submerged
into the drops of lead citrate and left to stain for 3 minutes. The grids were then washed in
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the beakers, starting with the 20mM NaOH and moving to the two nanopure water washes.
The grids were then allowed to dry on filter paper and loaded into the TEM. More thin
sections of blocks containing sections A, C, and E were cut as before, except they were
placed on Formvar-coated, 150-mesh copper EM grids (EMS, catalog no. G150-Cu).
Formvar-coated grids were made by first filling a clean slide chamber with Formvar
solution (EMS, catalog no. 15830). A 150-mesh copper EM grid was then washed using
1M HCl and deionized water and allowed to dry before performing a final wash in acetone.
A glass microscopy slide was thoroughly cleaned and gently placed into the Formvar-filled
slide chamber for 2 minutes. At the conclusion of the 2 minutes, the stopcock of the slide
chamber was opened to drain the Formvar into a collection bottle. This slide was
immediately removed and filter paper was used to wick away excess Formvar solution
from the edges. Once the Formvar dried onto the surfaces of the glass slide, a razor blade
was scraped along the edges of the slide to loosen the film. The slide was then slowly
lowered at a 90º angle into a glass bowl containing approximately a gallon of deionized
water until both Formvar films became detached from the slide and floated on the surface
of the water. The washed EM grids were placed over areas of film that had a gold-colored
reflection (meaning around 90nm thick). A piece of Parafilm was overlaid onto the
Formvar-coated grids and then quickly withdrawn from the water. Once the Formvar and
grids fully dried and adhered to the parafilm, the edges around the grids were perforated
the tip of capillary tweezers to help separate the grids from the excess Formvar. These
Formvar-coated grids were then used to collect thin sections of blocks A, C, and E. The
grids were stained and observed under the TEM using 100kV of voltage.
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RESULTS & DISCUSSION

Discovery of Bacteriophage Hasitha
This project began as an attempt to isolate bacteriophages that could infect two
distantly related genera of bacteria Microbacterium foliorum and Gordonia terrae. Generaspanning host ranges in bacteriophages have been documented, but are exceedingly rare
(Cazares et al., 2020). Phage were initially enriched on each host with both enrichments
starting from the same compost sample. Surprisingly, the enrichment prepared using
Gordonia cells also formed plaques on an M. foliorum lawn. From this plate, three plaques
with different phenotypes were picked for further characterization. Conversely, the M.
foliorum enrichment only formed plaques on M. foliorum cells, demonstrating specificity
for this host. As a cross-check, one plaque from the M. foliorum enrichment grown on the
M. foliorum lawn was picked. These plaques are summarized in Table 3. Lysates (highly
concentrated suspensions of phage particles) were made from each plaque as described in
the Materials and Methods.
After spotting each lysate onto lawns of both M. foliorum and Gordonia and
incubating for 48 hours, all four plaques produced clearings on the M. foliorum lawns, but
none affected Gordonia. The lack of cell lysis prompted a test of the original Gordonia
enrichment on Gordonia lawns. We returned to the Gordonia enrichment and purified
plaques using this host. None of the phages purified in this way were able to plate on M.
foliorum. Based on these results, we concluded that the initial observation was likely due
to a contaminate, or perhaps there were low numbers of M. foliorum phages naturally
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present in the enrichment due to the presence of the M. foliorum in the original compost
sample. Alternatively, the GC, GT, and GB phages (Table 3) may have developed more
host specificity after being repeatedly plated on M. foliorum. One phage obtained on the
Gordonia host during the Gordonia enrichment test was also purified and archived
(bacteriophage “Georgia”).

Name

Enrichment Host

Plaque Morphology
on M. foliorum

MC

M. foliorum

Clear

GC

G. terrae

Clear

GT

G. terrae

Turbid

GB

G. terrae

Bullseye

Photo

Table 3: Phenotypes of the isolated bacteriophages from M. foliorum and Gordonia
enrichments as seen on an M. foliorum lawn. M = M. foliorum enrichment, G = Gordonia
enrichment, C = clear, T = turbid, B = bullseye.
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Ultimately, five novel phages were
recovered and archived. Two of these
(Hasitha and Georgia) were submitted to the
Actinobacteriophage

Database.

The

respective titers for each phage lysate are

Phage

Titer (PFU/mL)

MC (“Hasitha”)

7.8  107

GC

4.3  107

GT

1.03  108

GB

2.4  108

Georgia

3.1  1010

Table 4: Resulting titers of five phage prepared
from M. foliorum and Gordonia enrichments.

shown in Table 4.
The Discovery of Expanding Halos

When a lawn of M. foliorum inoculated with Hasitha was inadvertently left to
incubate on the benchtop for approximately two weeks, we found that the plaque size
increased significantly and transformed from the small clear plaques observed early during
incubation to large bullseye plaques after extended incubation (Figure 3). This
morphological change was surprising and we wanted to learn more about what was causing
this effect. We first prepared a high titer lysate of Hasitha to ensure we would have enough
lysate to complete the project; the lysate as shown to have a titer of 1.91  109 PFU/mL.

Figure 3: Hasitha plaque growth after 2 days (top) vs. 10 days (bottom) using 10-4 dilutions
of high titer lysate (HTL).
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What are the Ultrastructural Features of Bacteriophage Hasitha?
High titer lysates of Hasitha were used for transmission electron microscopic
analysis. The resulting electron micrographs showed an abundance of viral particles with
identical morphologies, supporting that the lysate represented a pure population. The
micrographs shown in Figure 4 reveal important structural features of the virus particles.
The highlighted features show that Hasitha belongs to the Siphoviridae family—the most
common family of bacteriophages. These phages are characterized by long flexible tails
and spherical capsids.

Figure 4: Micrographs of bacteriophage Hasitha after staining with
uranyl acetate. A) Three Hasitha particles with the upper right particle
serving as an example to identify the capsid (black bracket) and tail
(white bracket). B) Two Hasitha particles with their capsids adhered
to one another. The scale markers represent 50nm (A) and 20nm (B).
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Halos Formed by Hasitha Increase in Size with Time
To characterize the halos formed by Hasitha, we incubated lawns of M. foliorum
with Hasitha lysate as described in the Materials and Methods. To document the growth of
the halos, the plates were scanned at regular intervals. The images were combined to
generate a time-lapsed image of halo development. A static picture of the halo is provided
in Figure 5. This experiment was repeated multiple times with similar results. The mature
halos took nearly 35 days to fully form; the lids of the plates were not removed during the
scans to prevent contamination. This did not appear to affect the quality of the scans; as
shown in Figure 5, the halos were easily visible under these conditions. During one
replication of the Hasitha halo, a thick green band gradually appeared around the initial
inoculation spot after full halo formation (highlighted in Figure 5). We attempted to isolate
and culture the bacterial cells in this ring, but our efforts were unsuccessful. The cause of
this growth remains unknown but was not a recurring phenomenon.

Figure 5: A developed Hasitha halo containing a bright
band around the inoculation point. The white arrows
highlight the band in question. The image was taken after
31 days incubation.
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Is Halo Formation Temperature-Dependent?
M. foliorum is known to have an optimal temperature of around 30ºC (Behrendt et
al., 2001). We asked if halo formation is dependent on the host being in optimal growth
conditions. As seen in Figure 6, halo formation is influenced by the incubation temperature.
Halos can also form at lower temperatures because plates grown on the benchtop at room
temperature (~25ºC) also produced halos, as seen with the discovery of the halos (Figure
3). The exact factor of phage infection that is being altered at higher temperatures has yet
to be defined.

Figure 6: Comparison between Hasitha halo development at different
incubation temperatures. A) Hasitha on a lawn of M. foliorum after 35
days incubation at 30ºC. B) Hasitha on a lawn of M. foliorum after 35
days incubation at 35ºC.
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Restriction Analysis of Hasitha Genomic DNA
The first step to characterize the genome of Hasitha was to isolate its DNA from
the phage particles. Two genomic DNA preparations were generated by standard
techniques (see Materials and Methods). The concentration of the recovered DNA was
191ng/µL (260/280 = 1.78) and 36.7ng/µL (260/280 = 1.72). The DNA from the highest
concentration sample was examined by electrophoresis (Figure 7). This demonstrated that
the DNA was intact and there was no evidence of degradation due to nuclease
contamination. We then performed a restriction analysis (Figure 8). The restriction analysis
can sometimes help identify close relatives based on the pattern of DNA fragments
generated by the digest. A “cluster” represents bacteriophage that are grouped together
based on nucleotide similarity. Since the restriction enzymes cut a specific nucleotide

Figure 7: Restriction digest gel of Hasitha as seen
under UV transmittance. The number designations
at the top of the wells correlate with those in Table
3, will well 1 containing 1kb DNA ladder.

Figure 8: Electrophoresis Hasitha genomic DNA
Lane 1:1kb DNA Ladder. Lane 2 Hasitha genomic
DNA migrating as a single band.
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sequence, genomes that generate similar restriction patterns after treatment with restriction
enzymes are likely to be related. As shown in Figure 8, none of the enzymes cut Hasitha
DNA indicating the genome does not contain any of the enzyme recognition sequences.
The exception was HaeIII. The recognition site for HaeIII is CCGG which occurs
frequently, especially in genomes that a have higher content of G and C bases.
Sequencing and Annotation of the Hasitha Genome
To characterize the Hasitha genome more fully, we determined its DNA sequence.
Genomic DNA was submitted to the University of Pittsburgh where it was sequenced using
the Illumina platform. The accession number and other sequencing information about
Hasitha can be found from the GenBank profile in Appendix B. After we received the
FASTA file of the complete nucleotide sequence, we annotated the genome using a variety
of DNA analysis programs such as GeneMark, PhagesDB BLAST, HHPRED, NCBI
BLAST, the Conserved Domain Database, TmHmm, Topcons, and Aragorn, The
annotated genes are summarized in Table 5. Hasitha was also found to contain a rare tRNA
with a non-canonical structure, encoded between genes 37 and 38. Non-canonical tRNAs
are described by Krahn et al. (2020). Many of Hasitha’s genes could not be assigned
functions based on nucleotide sequence comparisons alone. To identify potential functional
domains, the predicted amino acid sequences of the phage genes were used to probe the
Conserved Domain Database. This approach revealed 20 phage proteins that may contain
enzymatic domains that could affect structural features of the cell (e.g., hydrolases,
peptidases, aminohydrolases, transglycosylases, and lysozymes). While these are only
predictions, this analysis has focused our attention on a limited number of potential
candidate phage genes that may play a role in halo formation. Some of these genes (most
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notably, genes 14 and 22) are directly downstream of structural proteins. This proximity
could mean that the proteins are a part of the phage assembly, indicating that they could
play a part in the initial infection of the host cell and be a factor in halo formation.

Table 5: Summary of annotated Hasitha gene products. Genes highlighted in yellow are gene products of unknown
function that have possible conserved domains with known hydrolases, lysozymes, peptidases, and transglycosylases.

Gene

Start

End

Length

Direction

AA

Putative Function

1

1

519

519

5' → 3'

173

NKF

2

512

1960

1449

5' → 3'

483

terminase

3

1963

2109

147

5' → 3'

49

NKF

4

2113

3540

1428

5' → 3'

476

portal protein

5

3543

3752

210

5' → 3'

70

NKF

6

3752

4465

714

5' → 3'

238

MuF-like minor capsid protein

7

4580

5146

567

5' → 3'

189

scaffolding protein

8

5185

6165

981

5' → 3'

327

major capsid protein

9

6168

6464

297

5' → 3'

99

NKF

10

6540

6965

426

5' → 3'

142

NKF

11

6937

7347

411

5' → 3'

137

NKF

12

7344

7688

345

5' → 3'

115

minor tail protein

13

7685

8035

351

5' → 3'

117

tail terminator

14

8035

8367

333

5' → 3'

111

NKF

15

8370

8864

495

5' → 3'

165

major tail protein

16

8894

9463

570

5' → 3'

190

tail assembly chaperone

17

8894

9852

959

5' → 3'

319

tail assembly chaperone

18

9873

12314

2442

5' → 3'

814

tape measure protein

19

12307

14550

2244

5' → 3'

748

minor tail protein

20

14550

15722

1173

5' → 3'

391

minor tail protein

21

15719

16486

768

5' → 3'

256

NKF

22

16502

16759

258

5' → 3'

86

NKF

23

16759

17628

870

5' → 3'

290

lysin A

24

17691

18239

549

5' → 3'

183

membrane protein

25

18236

18598

363

5' → 3'

121

membrane protein

26

18602

18949

348

5' → 3'

116

membrane protein

27

19299

19114

186

3' → 5'

62

NKF

28

19497

19312

186

3' → 5'

62

NKF

29

19699

19517

183

3' → 5'

61

NKF

30

20211

19699

513

3' → 5'

171

NKF

33

31

21956

20289

1668

3' → 5'

556

RecA-like DNA recombinase

32

22225

21932

294

3' → 5'

98

nuclease

33

23085

22225

861

3' → 5'

287

NKF

34

23812

23117

696

3' → 5'

232

AAA-ATPase

35

24987

23809

1179

3' → 5'

393

nuclease

36

25151

24987

165

3' → 5'

55

NKF

37

27003

25138

1866

3' → 5'

622

DNA polymerase I

tRNA

27119

27050

70

3' → 5'

23

tRNA-Ala

38

27568

27173

396

3' → 5'

132

NKF

39

29084

27657

1428

3' → 5'

476

DNA helicase

40

29356

29081

276

3' → 5'

92

NKF

41

29580

29356

225

3' → 5'

75

membrane protein

42

30440

29580

861

3' → 5'

287

43

31219

30437

783

3' → 5'

261

MazG-like nucleotide
pyrophosphohydrolase
NKF

44

31790

31197

594

3' → 5'

198

thymidylate kinase

45

32738

31800

939

3' → 5'

313

glycosyltransferase

46

33709

32735

975

3' → 5'

325

glycosyltransferase

47

33944

33702

243

3' → 5'

81

NKF

48

34144

34004

141

3' → 5'

47

membrane protein

49

34956

34144

813

3' → 5'

271

thymidylate synthase

50

35208

35029

180

3' → 5'

60

NKF

51

35382

35218

165

3' → 5'

55

NKF

52

35547

35392

156

3' → 5'

52

NKF

53

36410

35544

867

3' → 5'

289

54

36658

36407

252

3' → 5'

84

aGTP-Pplase1 domain-containing
protein
NKF

55

36998

36651

348

3' → 5'

116

NKF

56

37243

36995

249

3' → 5'

83

NKF

57

37896

37243

654

3' → 5'

218

NKF

58

38348

37893

456

3' → 5'

152

NKF

59

38620

38348

273

3' → 5'

91

NKF

60

39024

39239

216

5' → 3'

72

membrane protein

61

39239

39574

336

5' → 3'

112

NKF
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Comparative Genomic Analysis of Bacteriophage Hasitha
Obtaining the DNA sequence of bacteriophage Hasitha allowed us to perform
whole-genome comparisons with phage sequences in public databases. The DNA sequence
of Hasitha was uploaded into a sequence alignment tool (BLAST; Basic Local Slignment
Search Tool) which identifies the best matches with the query sequence. The BLAST
results are shown in Appendix C. This analysis revealed that Hasitha is closely related to
the phages described in Table 6, all of which belong to the EA5 subcluster with Hasitha.

Phage Name

Score (bits)

E
Value

Genome
Length (bp)

Hasitha

7.920104

0.0

39952

Librie
Zepp
QuadZero
Zayuliv
HerculesXL
Neferthena
Mercedes
WilliamStrong
Alakazam
Nebulous

4.074104
2.833104
2.339104
1.984104
1631
1511
1298
1187
1094
1074

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

39941
40189
40140
40457
39410
41706
40230
40613
41269
41419

Location Isolated

Bowling Green,
KY
Clarksville, TN
Pensacola, FL
Charlotte, NC
Guayama, PR
Corvallis, OR
Cullowhee, NC
Rock Hill, SC
River Falls, WI
Pensacola, FL
Rock Hill, SC

Acquired?

Yes
No
Yes
Yes
No
No
Yes
Yes*
Yes*
Yes
Yes*

Table 6: BLAST results with PhagesDB data of Hasitha and its closest relatives. Phages are arranged in
decreasing order of nucleotide similarity. E Value = percent chance of the two compared sequences to be
similar by chance alone rather than evolutionary relation. Score (bits) = BLAST-wide standardized score of
how closely related two sequences are, with larger numbers indicating closer relation. *Lysate acquired from
storage but unsuccessful when propagating.

To determine if Hasitha’s relatives could
also produce halos, we obtained stocks of the phages
summarized in Table 6. Lysates of each of these
phages were grown and titered (Table 7). Lawns of
M. foliorum were prepared as described in the
Table 7: Titers of Hasitha HTL compared

Materials and Methods and aliquots of each phage to titers of relatives after propagation.

*Nebulous was no longer viable after lysate
collection.
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lysate were plated. All of the relatives formed halos (Figure 9), demonstrating that the
ability generate halos is conserved among this group of phages. The differences between
halo sizes are likely due to the differences in lysate concentration.

Figure 9: Comparison of halo formation between Hasitha and its closest relatives. A) Hasitha on an M.
foliorum lawn after 31 days post-inoculation. B) QuadZero on an M. foliorum lawn after 31 days postinoculation. C) Zepp on an M. foliorum lawn after 31 days post-inoculation. D) Alakazam on an M.
foliorum lawn after 31 days post-inoculation. E) Neferthena on an M. foliorum lawn after 31 days postinoculation. F) Nebulous on an M. foliorum lawn after 31 days post-inoculation.

Is Halo Formation a General Property of M. foliorum Phages?
To determine if halo formation is unique to Hasitha and its closest relatives, we
tested other M. foliorum-specific phages. Controls were randomly picked from the M.
foliorum phages collected during the 2018 Genome Discovery and Exploration Program at
WKU. The names of the control phages along with their information are described in Table
8. Figure 10 compares the spot plate development of each control phage to each other at 9
to 12 days incubation, while Figure 11 is a spot plate of Hasitha at 12 days incubation for
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reference. Of the controls, halo formation can be seen in phages Suva, Audie, and Clancy—
of which Clancy is the only sequenced phage. We conclude that halo formation does occur
with other M. foliorum phages that are not closely related to Hasitha, but the differing lysate
titers and use of phages with no known sequencing data are variables that should be
addressed in future work.

Table 8: Halo formation control phage data. The only sequenced phage in the control group was
bacteriophage Clancy.

Phage Name

Lysate
Titer

Xiomara

5.2e7

Suva

1.2e10

Schrodinger

2.5e7

Krogelio

6.0e4

GroovyDude

1.7e8

Audie

3.8e10

Clancy

1.0e8

Topher

4.0e6

Lifendell

2.1e8

Location
Isolated
Bowling
Green, KY
Louisville,
KY
Bowling
Green, KY
Bowling
Green, KY
Bowling
Green, KY
Bowling
Green, KY
La Grange,
KY
Bowling
Green, KY
Bowling
Green, KY

Plaque
Morphology

Sequenced?

Cluster

Relation
to Hasitha

Clear

No

Unknown

Unknown

Turbid

No

Unknown

Unknown

Clear

No

Unknown

Unknown

Clear

No

Unknown

Unknown

Clear

No

Unknown

Unknown

Clear

No

Unknown

Unknown

Turbid

Yes

EA1

19%

Clear

No

Unknown

Unknown

Clear

No

Unknown

Unknown

37

Figure 10: Plate development of control phages on an M. foliorum lawn. A) Phage
Xiomara, 9 days incubation. B) Phage Suva, 12 days incubation. C) Phage Schrodinger,
9 days incubation. D) Phage Krogelio, 12 days incubation. E) Phage GroovyDude, 9
days incubation. F) Phage Audie, 12 days incubation. G) Phage Clancy, 12 days
incubation. H) Phage Topher, 12 days incubation. I) Phage Lifendell, 9 days
incubation.

Figure 11: Halo development of Hasitha
on a lawn of M. foliorum after 12 days of
incubation.
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General Properties of M. foliorum?
Throughout this project, multiple questions arose regarding Hasitha’s host, M.
foliorum. We found that while halos were developing, the uninfected areas of lawn seemed
to change appearance over time (Figure 12). The host lawn pigmentation test showed that
rather than being related to the halo, the host simply loses pigment over time. Liu and Nizet
(2009) discuss the functions of bacterial pigment production and its pathogenicity
implications. Considering that M. foliorum is nonpathogenic, it may be that the gradual
loss of pigment may be due to a phenotypic change common to bacteria in stationary phase
for extended periods of time. Producing pigment takes energy, and bacteria in prolonged
stationary phase require energy conservation to remain viable. We found that M. foliorum
regained normal coloration and could resume growth when it was inoculated onto fresh
media (Figure 13). A definitive conclusion about the importance of pigment production
could be made with future studies dedicated to this phenomenon.
Antibiotic susceptibility tests (Figures 14-15) were performed since this lateappearing contamination often ruined the assay plates. These tests were intended to help
us find an antibiotic that does not inhibit M. foliorum growth but that does hinder growth
of potential contaminants. From the antibiotics we tested, M. foliorum showed resistance
to clindamycin and carbenicillin. For future work, these antibiotics could be included in
the growth media. It will also be important to test if the presence of the antibiotics affect
halo formation.
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Figure 12: Pigment development
of a lawn of M. foliorum. A) 5day-old lawn of M. foliorum. B)
36-day-old lawn of M. foliorum.

Figure 13: M. foliorum streak plate inoculated by cells from a
36-day-old lawn.

Figure 14: Antibiotic resistance test results on a
McFarland Standard lawn of M. foliorum. Scan
taken after 3 days of incubation.

Figure 15: Carbenicillin resistance test on a
McFarland Standard lawn of M. foliorum. Scan
taken after 3 days of incubation.
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Hasitha Appears to Infect Stationary Phase Cells
Most bacteriophage must infect actively growing cells to successfully produce
progeny virions. Bacteria that have entered stationary bacteria phase, have outgrown
nutrient supplies and produced waste products that are inhibitory to further growth. Such
cells transition into a state of energy conservation; bacterial ribosomes dimerize into a
temporary storage conformation that prevents translation until more nutrients are
encountered (Jaishankar & Srivastava, 2017). Because of this, infecting phages cannot
replicate nor produce the proteins that are needed to generate phage particles and lyse the
host cell. The halos formed by Hasitha on lawns of its host continue to develop over
extended periods of time. This suggested that the phage may be able to infect stationary
phase cells. Figures 17-22 show growth curves of M. foliorum grown in PYCa broth
cultures inoculated with different amounts of M. foliorum cells all plateau (an indication of
stationary phase) before 72 hours of incubation. Although growth on solid media is not
equivalent, we reasoned that lawns formed on plates are likely to reach stationary phase
within 72 hours of growth.
To determine if Hasitha can infect stationary phase cells, lawns of host cells were
grown for different time intervals prior to infecting them with phage: 24, 48, 72 and 96
hours. Evidence of phage growth was observed on all of the plates (Figure 16). This result
clearly demonstrates that Hasitha does infect stationary phase cells. In addition, the plates
were incubated for an additional 30 days determine if halos would form. As shown in
Figure 17, the resulting halos were identical to that of what we had observed previously
observed.
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Figure 16: Stationary infection test results, 2 days post-inoculation
on an M. foliorum lawn that is A) 24-hours-old, B) 48-hours-old,
C) 72-hours-old, and D) 96-hours-old.

Figure 17: Stationary infection test results, 30 days postinoculation on an M. foliorum lawn that is A) 24-hours-old, B) 48hours-old, C) 72-hours-old, and D) 96-hours-old.
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Figure 18: Growth curve of sterile PYCa broth over 72 hours.
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1
0.9
0.8

Absorbance

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0, 0:00

0, 12:00

1, 0:00
1, 12:00
2, 0:00
Elapsed Time (day, hour:minute)
Well 105

Well 106

2, 12:00

Well 107

Figure 19: Growth curve of 5-fold diluted M. foliorum cells over 72 hours.
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Figure 20: Growth curve of 25-fold diluted M. foliorum cells over 72 hours.
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Figure 21: Growth curve of 25-fold diluted M. foliorum cells over 72 hours.
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Figure 22: Growth curve of 25-fold diluted M. foliorum cells over 72 hours.

Is Halo Formation Due to an Enzyme Released Upon Host Cell Lysis?
Halo formation could be due to active phage infection or due to the diffusion of a
lytic enzyme released from lysed host cells. To
differentiate between these two possibilities, we
tested the lysate for lytic activity in the absence
of the phage particles. To remove whole phage
particles from the lysate, we used a Centricon
ultrafilter. This highly efficient filter traps larger
molecules that cannot pass through the filter in
the retentate (retained) volume while smaller
molecules (e.g., proteins) can pass through. We

Figure 23: Lawn of M. foliorum 18 days postinoculation of 30kDa filtered Hasitha lysate.

tested the material that flowed through the filters on lawns of host cells. The lawns did not
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appear to be changed in any way (Figure 23), suggesting the activity that is generating the
halos is not due to a small lytic enzyme present in the lysates; rather, this result suggests
that the phage is responsible for halo formation.
Viable Hasitha Particles are Present Within the Halos
We asked if phage infection was responsible for halo formation. This would be
consistent with our observation that Hasitha can infect stationary phase cells. From this,
one could predict that active infection would produce additional phage and that the
concentration of phage should not decrease, even far from the initial site of inoculation. To
test this prediction, agar plugs were taken at regular intervals from the initial site of phage
infection (see Figure 24). The titer of
viable Hasitha phages was consistent

A

B

until the most outer edges of the visible
halo. Conversely, when a control phage
that does not form halos was similarly
assayed, the concentration of phage
decreased

rapidly

with

increasing

distance from the initial site of
infection. This is consistent with the
Figure 24: Excised sections from a halo on a lawn of M.

fact that phages do diffuse through the foliorum inoculated with A) Hasitha after a 47-day
incubation at 30ºC, and B) Xiomara after a 35-day

agar. However, the titers of the lysates incubation at 30ºC. Titers at each of the colored spots are
shown in units of PFU/mL.

did differ (Hasitha’s lysate was on the order of 109 while Xiomara’s was 107) and this likely
influenced the diffusion rate.

46

Physical Evidence of Cell Division and Phage Production Throughout the Halo
The thin sectioning of the halo was used to visualize the presence or absence of
phages being assembled within the bacterial cells. Figure 25 shows an example of phage
heads being assembled within a bacterial cell—evidence that the bacterium has been
infected with phages and is actively in the process of producing more phage progeny. For
the Hasitha halos, sections were taken as labeled in Figure 26. The concept behind thin
sectioning is that the cells are fixed with glutaraldehyde to cross-link the proteins and
osmium tetroxide (OsO4) to cross-link the lipids. This cross-linkage keeps the cells intact
during dehydration and resin infiltration, which rids the cells of all water and fills them

Figure 26: Excised portions of developed Hasitha
halos on M. foliorum lawns. The two plates shown
were made, grown, and excised in identical
conditions. Each section is labeled 1–5, later
changed to A–E.

Figure 25: Ultrathin section of an E. coli cell
infected with phage HK239 (bottom-left) and an
uninfected E. coli cell (top-right), as seen under
transmission electron microscopy at 120.0kV.
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Figure 27: Cured halo sections after being infiltrated with Spurr's
resin. The sections appear bright and are connected based on what
area of the halo they were taken from (A, B, C, D, or E).

with resin. This resin is then cured, making the cells rigid and stable enough for cutting
ultrathin sections. Our first attempt at curing the infiltrated halo sections included
embedding the sections in filled molds of resin. Since these sections were pieces of agar,
it was crucial that we take ultrathin sections only from the topmost layer of the agar to
visualize the bacteria cells. Since the refractivity of resin and resin-filled agar is about the
same, the portions became invisible, and the topmost layer of cells was unable to be
differentiated from the rest of the block. This issue was remedied by curing the portions
independently, outside of the mold. As a result, these cured agar pieces (seen in Figure 27)
were much easier to orient. The main findings of the thin sectioning experiments on the
Hasitha halo are seen in Figure 28-A/B/E, with pictures taken at 80kV. Only the sections
from blocks B and D produced viable images; the other blocks were far too unstable in the
electron beam and disintegrated before micrographs could be taken. To prevent this, thin
sections of blocks A, C, and E were cut as before, except they were placed on Formvarcoated, 150-mesh copper EM grids. These grids provided more stability to the sections that
were riddled with holes from incomplete resin infiltration. The incomplete infiltration is
believed to be due to the fact that unlike the reference picture in Figure 25, M. foliorum is
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a Gram-positive organism and thus has a much thicker cell wall. Though fixation and
dehydration are used to facilitate the diffusion of the resin past the cell wall, stationary
phase cells have significantly thicker cell walls than normal mid-log phase organisms. The
resin successfully infiltrated the outermost layers of the cells but the innermost part of the
cells could not be seen in most cases. Though this experiment was designed to study the
internal appearance of these cells, it was found that many of these 41-day-old cells
appeared to be in the process of binary fission (as highlighted in Figure 28-A). Binary
fission is the process of a prokaryotic cell splitting into two during replication, with the last
step of the process being indicated by a cleavage furrow. In these sections, nearly every
cell found throughout the halo was in the end stage of binary fission while the sections
taken from the uninfected edge of the lawn showed typical stationary-phase cells: more
circular with thick cell walls that prevent full resin infiltration. Figure 28-C highlights a
cell that possibly contains phage heads being assembled, as seen by the geometric pattern
of dark dots within the cell. The image is not as clear as that of Figure 25 but is possible
evidence for active phage infection.
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Figure 28: Comparison of host cell ultrastructural features throughout a developed Hasitha halo on an M.
foliorum lawn after 41 days. A) Section B, with the “A” arrow highlighting one of many phage capsids, the
“B” arrow highlighting one of many bacterial cells, and the black box outlining an M. foliorum cell in the
process of binary fission. B) Section B, with a closer view of some phage capsids (arrow “A”) and bacterial
cells (arrow “B”). C) Section C, the black arrows emphasizing the septum on an M. foliorum cell and the black
box highlighting a cell possibly assembling phage capsids. D) Section C, the black arrows emphasizing the
formation of a cleavage furrow on an M. foliorum cell. E) Section D, the black arrows highlighting septum
formation in M. foliorum cells. F) Section E, showing no evidence of cell division or phage presence. The scale
markers represent 1µm (A, E) and 200nm (B, C, D, E).

Conclusions
We have attempted to address three primary questions about phage Hasitha in this
study: 1) Under what conditions does the halo form? 2) Does Hasitha’s genome provide
insight into halo formation? 3) Can the halo be attributed to anything other than phage
infection? We discovered that the halos form under temperature-specific conditions and
are due to phages slowly diffusing out from the initial inoculation spot and infecting the
stationary bacteria it encounters. Each stationary bacterium that is infected with phage
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produces more phage progeny that also diffuse outward, allowing the halo to increase in
diameter. We also found through ultrathin sectioning that a large majority of the surviving
bacterial cells within the halo appear to have re-entered log phase, while the uninfected
cells along the plate’s edge still appear stationary. Our bioinformatics analysis of the newly
sequenced Hasitha genome revealed that Hasitha belongs to the relatively rare subcluster
EA5 (consisting of only 8 known members) and that Hasitha’s closest relatives produce
halos on M. foliorum lawns as well. We also found that Hasitha contains 20 gene products
of unknown function that have conserved domains with predicted hydrolytic activity—that
could also contribute to cell lysis.. Lastly, we were able to rule out that halo formation is
due to the release of a lytic enzyme upon cell lysis
Though this project has proven that Hasitha infects and produces viable phage
progeny from stationary phase cells, the exact mechanism behind how Hasitha infects these
cells is still unknown. Future work may include purifying Hasitha’s structural proteins and
assaying for hydrolytic activity. It is possible that one of the unknown function gene
products containing a putative hydrolytic domain may be assembled within the Hasitha
particle. This protein may contact and weaken the host cell wall as Hasitha attaches and
begins the infection cycle. This event may damage the cell wall just enough during the
beginning stages of infection that the stationary cell launches a repair response. Jordan et
al. (2007) described how in Gram-positive organisms like M. foliorum, this response
restarts the protein-making machinery and brings the bacterial cell out of stationary phase
and back into log phase long enough to repair the cell wall. This is consistent with our thin
sectioning results; the cells within the halo appeared to be in log phase again, while the
cells outside of the halo had the appearance of typical stationary cells. Since the protein-
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making machinery is available for use again, Hasitha can continue the infection cycle as
normal, eventually lysing the cells. For complete certainty, more tests would need to be
performed; this possible explanation simply gives a new hypothesis to be tested in the
future. If the causative agent of Hasitha’s infection of stationary bacteria can be found and
characterized, it could possibly be exploited in future phage therapy efforts. Viable but
nonculturable (VBNC) infections refers to bacterial infections that have become stationary
within the host (Jaishankar & Srivastava, 2017). These infections are still able to cause
illness and are often highly resistant to both antibiotics and phage treatment alike. If
Hasitha’s ability to infect stationary bacteria can be further studied and understood, it could
be a major step toward curing these tough infections.
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APPENDIX A
RECIPES FOR STOCK SOLUTIONS, MEDIA, AND REAGENTS

Some of the following recipes were based on the Recipe Card Appendix in the
Science Education Alliance Phage Discovery Guide
(https://phagediscoveryinstructorguide.helpdocsonline.com/appendix-b-recipecards), while others were adapted from Amanda Staples’ “Recipes and Protocols”
(Staples, 2018).

i.

Stock Solutions
Carbenicillin (1000x)
Amount
50mg/mL
As needed

Ingredients
Final Concentration
Carbenicillin powder
1000x
DI H2O
Preparation
1. Weigh 100-600mg of carbenicillin powder and transfer to a 15mL conical tube.
2. Determine the volume of water to add by dividing the weight of the carbenicillin
powder by 50mg/mL.
e.g., 477mg / 50mg/mL = 9.5mL
3. Shake until dissolved.
4. Sterilize (see below).
5. Prepare 1mL aliquots and store (see below).
Sterilization
Filter-sterilize into a fresh sterile tube using a 0.22µm filter.
Storage
At -80ºC for up to 3 years.
At 4ºC for up to 60 days.
Usage
Antibiotic resistance testing. Dilute as needed.
Note: When taking from a frozen aliquot, do not return to -80ºC after thawing; store
at 4ºC.
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Glycerol, 40% (500mL)
Amount
200mL
~500mL

Ingredients
Final Concentration
Glycerol (or “glycerin”)
40%
DI H2O
Preparation
1. Add ~250mL of DI H2O to a graduated cylinder.
2. Add measured amount of glycerol slowly while stirring and allow to mix
completely.
3. Raise volume to 500mL with DI H2O and mix.
4. Sterilize.
Sterilization
Filter-sterilize or autoclave.
Storage
At room temperature (~25ºC) indefinitely.
Usage
Glycerol phage stocks.

TAE, 50x (1L)
Amount
242g
57.1mL
18.5g
~1000mL
As needed

Ingredients
Final Concentration
Tris-base
2M
Glacial acetic acid
1M
EDTA–disodium salt
50mM
DI H2O
NaOH pellets
Preparation
1. Fill a graduated cylinder with 1L of deionized water.
2. Transfer water to a flask and allow to settle.
3. Mark where the bottom of the meniscus lies.
4. Transfer approximately half of the volume back into the graduated cylinder.
5. Gently add a magnetic stir bar to the flask and begin stirring on a stir plate.
6. Add the ingredients listed above and stir until fully dissolved (add NaOH pellets if
needed).
7. Remove stirrer and raise volume to marked meniscus.
8. Replace stirrer and allow to mix fully.
9. Transfer to aliquots or stock bottle.
Sterilization
Not necessary, do not autoclave.
Storage
Store at room temperature.
Usage
DNA electrophoresis gel/running buffer.
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ii.

Media
Luria-Bertani Agar, 1x (1L)
Amount
Final Concentration
10g
10g/L
5g
5g/L
5g
5g/L
15g
15g/L
~1000mL

Ingredients
Tryptone
Yeast extract
NaCl
Agar
DI H2O
Preparation
1. Fill a graduated cylinder with 1L of deionized water.
2. Transfer water to a flask and allow to settle.
3. Mark where the bottom of the meniscus lies.
4. Transfer approximately half of the volume back into the graduated cylinder.
5. Gently add a magnetic stir bar to the flask and begin stirring on a heated stir plate
(do NOT allow solution to boil).
6. Add the ingredients listed above (agar last) and stir until fully dissolved.
7. Remove stirrer and raise volume to marked meniscus.
8. Replace stirrer and allow to mix fully.
9. Seal top of flask with aluminum foil and autoclave.
10. Allow to cool in a 55ºC water bath.
11. Aseptically plate onto Petri dishes under a biosafety cabinet.
Sterilization
Autoclave.
Storage
In 55ºC water bath until plating. Discard if solidified.
Usage
LB agar plates.

Luria-Bertani Liquid Media, 1x (1L)
Amount
Final Concentration
10g
10g/L
5g
5g/L
5g
5g/L
~1000mL

Ingredients
Tryptone
Yeast extract
NaCl
DI H2O
Preparation
1. Fill a graduated cylinder with 1L of deionized water.
2. Transfer water to a flask and allow to settle.
3. Mark where the bottom of the meniscus lies.
4. Transfer approximately half of the volume back into the graduated cylinder.
5. Gently add a magnetic stir bar to the flask and begin stirring on a stir plate.
6. Add the ingredients listed above and stir until fully dissolved.
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7. Remove stirrer and raise volume to marked meniscus.
8. Replace stirrer and allow to mix fully.
9. Transfer into aliquots and autoclave.
Sterilization
Autoclave.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation
occurs.
Usage
Cell cultures.

PYCa Liquid Medium (1L)
Amount
Final Concentration
1.0g
1g/L
15.0g
15g/L
As needed by aliquot
4.5mM
As needed by aliquot
0.1%
~1L

Ingredients
Yeast extract
Peptone
CaCl2, 1M
Dextrose, 40%
DI H2O
Preparation
1. Add ~990mL of DI H2O to a graduated cylinder.
2. Add measured amount of peptone and yeast extract while stirring and allow to
dissolve.
3. Sterilize (see below) and aliquot into sterile bottles.
4. Add CaCl2 and dextrose and swirl before use.
Note: For 50mL aliquots, add 0.225mL of CaCl 2 and 0.125mL of 40% dextrose.
Note: Some protocols mistakenly used 50mL aliquots with 0.45mL of CaCl2.
Sterilization
Autoclave.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation
occurs.
Usage
M. foliorum cell cultures.

Ingredients
Agar
Yeast extract
Peptone
CaCl2, 1M

PYCa Top Agar, 1X (1L)
Amount
4.0g
1.0g
15.0g
As needed by aliquot
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Final Concentration
0.4%
1g/L
15g/L
4.5mM

Dextrose, 40%
As needed by aliquot
0.1%
DI H2O
~1L
Preparation
1. Add ~990mL of DI H2O to an Erlenmeyer flask with a magnetic stir bar and place
on a heated stir plate.
2. Add measured amount of agar, peptone, and yeast extract while stirring and
heating and allow to fully dissolve.
3. Sterilize (see below) and aliquot into sterile bottles.
4. Loosen screw cap and heat for ~10 seconds at a time in a microwave (power level
5) until completely molten.
5. Cool in a 55ºC water bath.
6. Add CaCl2 and dextrose and swirl before use.
Note: For 50mL aliquots, add 0.225mL of CaCl 2 and 0.125mL of 40% dextrose.
Note: Some protocols mistakenly used 50mL aliquots with 0.45mL of CaCl2.
Sterilization
Autoclave.
Storage
As a solid: At room temperature (~25ºC) indefinitely.
As molten agar: In a 55ºC water bath for up to 10 days.
Usage
M. foliorum lawns.
iii.

Reagents

Calcium Chloride, 1M (100mL)
Ingredients
Amount
Final Concentration
Option 1: CaCl2 * 2H2O
14.7g
1M
Option 2: CaCl2
11.1g
1M
(anhydrous)
DI H2O
~100mL
Preparation
1. Measure 90mL of DI H2O and add to a large beaker
2. Weigh out the appropriate amount of CaCl2 (see above) and add to the beaker
slowly while stirring.
3. Transfer solution to a graduated cylinder and increase volume to 100mL using DI
H2O.
Sterilization
Filter-sterilize. Do not autoclave.
Note: Autoclaving may cause the CaCl2 to precipitate.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation
occurs. Do not refrigerate.

60

Usage
PYCa broth, PYCa top agar, and phage buffer.

Dextrose, 40% (200mL)
Amount
80g
~200mL

Ingredients
Final Concentration
Dextrose (anhydrous)
40%
DI H2O
Preparation
1. Add ~100mL of DI H2O to a graduated cylinder.
2. Add measured amount of dextrose while stirring and allow to dissolve.
Note: The cylinder can be warmed in a water bath if extra assistance dissolving is
needed.
3. Sterilize (see below) and aliquot.
Sterilization
Filter-sterilize. Do not autoclave.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation
occurs.
Usage
PYCa media.

Nuclease Mix (5mL)
Amount
0.09g
250µL
125µL
2.5mL
4.25mL

Ingredients
Final Concentration
NaCl
150mM
DNase 1 (5mg/mL stock)
0.25mg/mL
RNase A (10mg/mL stock)
0.25mg/mL
Glycerol
50%
DI H2O
Preparation
1. Prepare DNase 1 and RNase A according to manufacturer protocol.
2. Use a 15mL conical tube to dissolve the measured NaCl in the measured DI H 2O.
3. Transfer 2.1mL of the NaCl solution to a new 15mL conical tube.
Note: The remaining 2.1mL can be used for another preparation of nuclease mix.
4. Add the measured amount of glycerol to the NaCl solution and mix by gentle
inversion.
5. Add the measured amounts of DNase and RNase and mix by gentle inversion.
6. Raise the final volume to 5mL using DI H2O and mix by gentle inversion.
7. Aliquot.
Sterilization
Not required.
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Storage
At -20ºC for up to 2 years.
Usage
DNA isolation.

PB Buffer, 0.1M (1L)
Ingredients
Amount
Final Concentration
Sodium phosphate dibasic heptahydrate 19.033g
0.071M
Sodium phosphate monobasic
4.002g
0.029M
monohydrate
DI H2O
~800mL
Preparation
1. Add 800mL of DI H2O to a graduated cylinder.
2. Add all ingredients to the cylinder and stir until dissolved.
3. Increase volume to 1L using DI H2O.
4. Aliquot into sterile bottles or tubes.
5. Sterilize (see below).
Sterilization
Autoclave.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation
occurs.
Usage
EM prep.

Phage Buffer (1L)
Amount
10mL
10mL
4g
10mL
100mL
~1L

Ingredients
Final Concentration
Tris, 1M, pH 7.5
10mM
MgSO4, 1M
10mM
NaCl
68mM
CaCl2, 100mM
1mM
Glycerol, 100% (optional)
10%
DI H2O
Preparation
1. Add ~800mL of DI H2O to a graduated cylinder.
2. Add all ingredients to the cylinder and stir until dissolved.
Note: Glycerol may need to be added if the phage of interest is unstable in regular
phage buffer.
3. Increase volume to 1L using DI H2O.
4. Sterilize (see below).
5. Aliquot into sterile bottles or tubes.
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Sterilization
Filter-sterilize.
Storage
At room temperature (~25ºC) for up to 3 years or until discoloration, contamination, or
precipitation occurs.
Usage
Dilutions, phage lysates, washing samples after fixation.

Phage Precipitation Solution (100mL)
Ingredients
Amount
Final Concentration
Polyethylene glycol (PEG
30g
30%
8000)
NaCl
19.3g
3.3M
DI H2O
~100mL
Preparation
1. Add 60mL of DI H2O into a glass bottle.
2. Add 19.3g of NaCl to the glass bottle and swirl until completely dissolved.
3. Add PEG 8000 slowly (a few grams at a time) while swirling and heating at regular
intervals until all 30g are dissolved.
4. Increase volume to 100mL using sterile water.
5. Use a magnetic stir bar to stir until homogenous.
6. Sterilize (see below).
7. Aliquot.
Sterilization
Filter-sterilize.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation occurs.
Usage
DNA isolation.

SM Buffer, [conc] ([volume])
Amount
Final Concentration
5.8g
100mM
2g
8mM
50mL
50mM
~1000mL

Ingredients
NaCl
MgSO4 • 7H2O
Tris-HCl (1M, pH 7.5)
DI H2O
Preparation
1. Add 800mL of DI H2O to a graduated cylinder.
2. Add all ingredients to the cylinder and stir until dissolved.
3. Increase volume to 1L using DI H2O.
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4. Aliquot into sterile bottles or tubes.
5. Sterilize (see below).
Sterilization
Autoclave.
Storage
At room temperature (~25ºC) until discoloration, contamination, or precipitation occurs.
Usage
Phage lysates, dilutions.

Uranyl Acetate Stain, 1.0% (10mL)
Amount
Final Concentration
0.1g
1% (w/v)
~10mL

Ingredients
Uranyl acetate
DI H2O
Preparation
1. Add ~9mL of DI H2O to a 15mL conical tube.
2. Weigh out uranyl acetate and add to conical tube.
3. Stir until dissolved.
4. Increase volume to 10mL using DI H2O.
5. Sterilize (see below).
6. Make 1mL aliquots.
Sterilization
Filter-sterilize using a prepared 0.22µm filter (prepare by passing 3mL of DI H 2O
through the filter).
Storage
Wrapped in foil at room temperature (~25ºC) for up to 3 years.
Usage
Negative staining, thin section staining.
Note: Radioactive, use with caution.
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APPENDIX B
GENBANK PROFILE OF MICROBACTERIOPHAGE HASITHA

Microbacterium phage Hasitha, complete genome
GenBank: MZ622182.1
LOCUS
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM
REFERENCE
AUTHORS
TITLE
JOURNAL
COMMENT

MZ622182
39952 bp
DNA
linear
PHG 27-AUG-2021
Microbacterium phage Hasitha, complete genome.
MZ622182
MZ622182.1
.
Microbacterium phage Hasitha
Microbacterium phage Hasitha
Viruses; Duplodnaviria; Heunggongvirae; Uroviricota;
Caudoviricetes; Caudovirales; Siphoviridae.
1 (bases 1 to 39952)
Brown,G.D., King,R.A., Rinehart,C.A., Garlena,R.A.,
Russell,D.A., Jacobs-Sera,D. and Hatfull,G.F.
Direct Submission
Submitted (23-JUL-2021) Biology, Western Kentucky
University, 1906 College Heights Blvd. 11080, Bowling Green,
KY 42101, USA
Phage Isolation, DNA preparation and annotation analysis
was performed at Western Kentucky University, Bowling Green,
KY, USA. DNA sequencing by Illumina Sequencing to
approximately approximately 269x coverage and assembly was
performed at Pittsburgh Bacteriophage Institute, U.
Pittsburgh, Pittsburgh, PA, USA. Assembled with Newbler and
Consed v.Nov-2017. Supported by the Science Education
Alliance, Howard Hughes Medical Institute, Chevy Chase, MD
and a Gatton Academy & Craft Academy Graduates Research and
Experiential Learning Award at Western Kentucky University,
Bowling Green, KY.
##Assembly-Data-START##
Assembly Method
:: Newbler and Consed v. Nov-2017
Coverage
:: 269x
Sequencing Technology :: Illumina
##Assembly-Data-END##
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APPENDIX C
BLAST RESULTS OF BACTERIOPHAGE HASITHA
Local BLAST search comparing bacteriophage Hasitha to other sequenced phages in the
Actinobacteriophage Database. Retrieved April 15 th, 2022.

Sequences producing significant alignments:

Score (bits) E Value

Microbacterium phage Hasitha complete sequence, 39952 bp, circul... 7.920e+04
Microbacterium phage Librie complete sequence, 39941 bp, circula... 4.074e+04
Microbacterium phage Zepp complete sequence, 40189 bp, circularl... 2.833e+04
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0.0
0.0
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Microbacterium
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Microbacterium
Microbacterium
Microbacterium
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Microbacterium
Microbacterium
Microbacterium
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Microbacterium
Microbacterium
Microbacterium
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Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium
Microbacterium

phage QuadZero complete sequence, 40140 bp, circu...
phage Zayuliv complete sequence, 40457 bp, circul...
phage HerculesXL complete sequence, 39410 bp, cir...
phage Neferthena complete sequence, 41706 bp, cir...
phage Mercedes complete sequence, 40230 bp, circu...
phage WilliamStrong complete sequence, 40613 bp, ...
phage Alakazam complete sequence, 41269 bp, circu...
phage Nebulous complete sequence, 41419 bp, circu...
Luna18 complete sequence, 40349 bp, circularly pe...
phage KatChan complete sequence, 40349 bp, circul...
phage Chepli complete sequence, 40332 bp, circula...
phage Juicer complete sequence, 41099 bp, circula...
phage Jemerald complete sequence, 41099 bp, circu...
phage McGalleon complete sequence, 42562 bp, circ...
phage Stormbreaker8 complete sequence, 41751 bp, ...
phage Ixel complete sequence, 40556 bp, circularl...
phage GardenB complete sequence, 42125 bp, circul...
phage Schnapsidee complete sequence, 41872 bp, ci...
phage Redfield complete sequence, 41930 bp, circu...
phage Peppino complete sequence, 41932 bp, circul...
phage Etna complete sequence, 41908 bp, circularl...
phage BeeBee8 complete sequence, 42027 bp, circul...
phage Jenos complete sequence, 42413 bp, circular...
phage Leafus complete sequence, 42000 bp, circula...
phage YuuY complete sequence, 40996 bp, circularl...
phage Juanyo complete sequence, 41028 bp, circula...
phage Endor complete sequence, 42303 bp, circular...
phage Hamlet complete sequence, 41934 bp, circula...
phage Balsa complete sequence, 41862 bp, circular...
phage Raccoon complete sequence, 41894 bp, circul...
phage Quartz complete sequence, 40520 bp, circula...
phage Nucci complete sequence, 40373 bp, circular...
phage Mandalorian complete sequence, 40407 bp, ci...
phage BigNick complete sequence, 40373 bp, circul...
phage Lucky3 complete sequence, 39640 bp, circula...
phage Golden complete sequence, 39640 bp, circula...
phage Theresita complete sequence, 40234 bp, circ...
phage Kauala complete sequence, 39378 bp, circula...
phage Rasovi complete sequence, 42917 bp, circula...
phage MCubed complete sequence, 40381 bp, circula...
phage Koji complete sequence, 39403 bp, circularl...
phage Pherbot complete sequence, 39171 bp, circul...
phage Bustleton complete sequence, 39184 bp, circ...
phage Sinatra complete sequence 39183 bp, circula...
phage PrincePhergus complete sequence, 39191 bp, ...
phage Schubert complete sequence, 38820 bp, circu...
phage Zada complete sequence, 41814 bp, circularl...
phage WildNOut complete sequence, 41796 bp, circu...
phage Velene complete sequence, 41798 bp, circula...
phage TinSulphur complete sequence, 41807 bp, cir...
phage Thorongil complete sequence, 41331 bp, circ...
phage Thompsone complete sequence, 41800 bp, circ...
phage Tenda complete sequence, 41553 bp, circular...
phage TeddyBear complete sequence, 41555 bp, circ...
phage TatarkaPM complete sequence, 41813 bp, circ...
phage Strathdee complete sequence, 41802 bp, circ...
phage StingRay complete sequence, 41597 bp, circu...
phage Stanktossa complete sequence, 41806 bp, cir...
phage SonOfLevi complete sequence, 41573 bp, ciru...
phage Shee complete sequence, 41800 bp, circularl...
phage Sansa complete sequence, 40306 bp, circular...
phage Riyhil complete sequence, 41812 bp, circula...
phage Raptor complete sequence, 41801 bp, circula...
phage PuppyEggo complete sequence, 41803 bp, circ...
phage Pocket complete sequence, 41583 bp, circula...
phage Phriends complete sequence, 41606 bp, circu...
phage PhredFlintston complete sequence, 41803 bp,...
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phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
phage
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phage
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phage
phage
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Phireproof complete sequence, 41809 bp, cir...
Pherferi complete sequence, 41803 bp, circu...
ParleG complete sequence, 41810 bp, circula...
Papafritta complete sequence, 41573 bp, cir...
Oxtober96 complete sequence, 41798 bp, circ...
Oats complete sequence, 41555 bp, circularl...
Nattles complete sequence, 41544 bp, circul...
MrWorldwide complete sequence, 41810 bp, ci...
MillyPhilly complete sequence, 41800 bp, ci...
Martin complete sequence, 41812 bp, circula...
ManRay complete sequence, 41555 bp, circula...
MaeLinda complete sequence, 41809 bp, circu...
Lovelyunicorn complete sequence, 41798 bp, ...
Kurt1 complete sequence, 41803 bp, circular...
Knox complete sequence, 41797 bp, circularl...
Klimt complete sequence, 41573 bp, circular...
KannH complete sequence, 41551 bp, circular...
Kale complete sequence, 41558 bp, circularl...
JasperRussell complete sequence, 41550 bp, ...
Ioannes complete sequence, 41879 bp, circul...
Inventa complete sequence, 41802 bp, circul...
Ilzat complete sequence, 41525 bp, circular...
HanSolo complete sequence, 41516 bp, circul...
Gubbabump complete sequence, 41492 bp, circ...
Greys complete sequence, 41797 bp, circular...
Gershwin complete sequence, 41555 bp, circu...
Gelo complete sequence, 41562 bp, circularl...
Finny complete sequence, 40313 bp, circular...
Espinosa complete sequence, 41553 bp, circu...
Erla complete sequence, 41538 bp, circularl...
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202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202
202

1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48
1e-48

